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I. INTRODUCTION

P
LASMA arc jets are widely employed in the fields of aerospace propulsion [1] - [3] , industrial coatings [4] , [5] , and nuclear fusion reactors [6] , [7] , such as the plasma thruster in electric propulsion systems [2] and the developing of microcathode arc thrusters [3] employed in the microsatellites. In these devices, where plasma arc jets flow, the dimensions are sometimes very small and this results in the flow field being not a continuum, and the particles in the jet are very dilute and interact with each other only occasionally [8] . The parameter that represents the degree of this rarefaction of the gas flow is the Knudsen number, and this is the ratio of the molecules' mean free path to the characteristic dimension of the flow. When the plasma jet is very rarefied and the Knudsen number is larger than about 0.1, the Navier-Stokes equations become unsuitable. Therefore, a kinetic theory approach, such as the direct simulation Monte Carlo (DSMC) method, should be employed for these flows [9] . In the rarefied plasma transport processes, neutral particle diffusion has an impact on the movement of the ions and electrons, especially in the rarefied plasma flow of a cathodic vacuum arc [10] , [11] , where neutral particle collisions as well as chemical dissociation and recombination reactions have an important role in the distribution of the charged particles during the diffusion process. The main numerical simulation DSMC/particle-in-cell (PIC) method is currently used to solve such plasma transport problems in a rarefied environment [2] , [3] , [6] - [8] , [10] - [12] . The PIC method can simulate the movement of charged particles in a self-consistent electrostatic field, and the DSMC method can be implemented to simulate the particle movement and collisions between neutral particles as well as charged particles. The DSMC/PIC method combines the advantages of the DSMC and PIC methods, and this method can be used to describe some other complex physical phenomena in the plasma arc jet flow. Timko et al. [10] have investigated the 1-D plasma build-up in vacuum arcs by employing the PIC method, and it is shown that the evaporation of the neutral particles from the field emitter tip is the key factor in the arc development under vacuum conditions. Moore et al. [13] have employed the DSMC/PIC method to study the breakdown in various microscale electrode gaps under an atmospheric pressure. Both of the above mentioned studies were based on 1-D simulations, however, these works are a good starting point for the study of rarefied plasma vacuum arc flows.
Recently, Tsuno et al. [14] have studied supersonic rarefied weakly ionized plasma flows for the expanding arc jet in a diverging magnetic field, and the ions and the neutrals were treated by the particle scheme in the DSMC method, while the electrons are treated by the fluid scheme with a selfconsistent electric field. Korkut et al. [2] have developed an adaptive mesh refinement combined with the Octree method for the DSMC/PIC to study the 3-D plasma plume flow of small ion thrusters. The above studies have shown that the neutral particle diffusion in the rarefied plasma flow cannot be ignored, and from which the current study is mainly focused Fig. 1 . Geometry and grids employed in the simulations. The axisymmetric geometry is obtained from [15] , and the grids used in the in-house DSMC program are unstructured.
on the steady flow, while a study on the unsteady plasma arc jet flow with chemical reaction needs to be developed, and the understanding of the mechanism of neutral particles in this unsteady plasma arc jet flow is essential. Thus, in this paper, the in-house DSMC program has been employed to simulate the 3-D unsteady neutral particle expansion in a rarefied plasma arc jet with chemical combination and dissociation reactions, and it has been combined with the PIC method to simulate the plasma symmetric flow field and the electric field. The distribution of electronic potential and particle number density is obtained by performing statistical calculations, and the results obtained can provide the basic data for the further study of unsteady plasma arc jet flows with chemical reactions.
II. VALIDATION OF THE IN-HOUSE DSMC PROGRAM
Due to the rarefied plasma arc jet flow conditions, the continuum computational fluid dynamics-based approaches become unsuitable, and therefore a kinetic theory approach, such as the DSMC method must be used for these flows. The DSMC method is a physically based probabilistic simulation, and it is widely used to solve such problems. We have developed an in-house DSMC program and it has been used to simulate this flow. In order to verify its accuracy, we have employed this program to simulate a molecular hydrogen beam flow derived from [15] , and these results have been compared with our results. The numerical domain and grids employed are shown in Fig. 1 . The boundary conditions are represented by the different colors, namely, the red parts represent the inlet boundary, the brown and black ones represent the wall boundary and the green ones are the free flow boundary. The molecular hydrogen beam from the entrance first enters into a converged tube as shown in zone 1 of Fig. 1 . The walls labeled "a" and "b" divide the flow field into three zones such as zones 2, 3, and 4 as shown in Fig. 1 . The flow field is axisymmetrical, and the calculation conditions are listed as follows: the velocity of the molecular hydrogen that is introduced into the flow field is V x = 75 m/s, V y = 0, and V z = 0, the number density is 10 22 /m 3 and the temperature is 300 K. The temperature of the brown wall is 100 K while for the black wall it is 300 K. In the simulation, 18 684 nodes and 83 496 tetrahedral volume elements are used for sampling and collision calculations. The time step is about 10 −8 s, and the solutions were averaged over 10 000 iterations. The number density contour of the molecular hydrogen beam is displayed in Fig. 2 . The results for comparison of the number density, the temperature and the velocity are shown in Figs. 3-7 in which the black dots are the result of [15] and the red line is the result obtained by employing the in-house DSMC code. The comparison between these two sets of results show that there is no obvious discrepancy, and therefore the in-house DSMC program can be employed here. 
A. Simulation Conditions
The calculation domain consists of two cylinders with different diameters, namely, 5 and 15 mm. For each of them, the cylindrical height is the same as the diameter. There is a cylindrical jet exit with diameter 100 μm on the side of the small cylinder, and the particles are expanding into these two vacuum cylinders from the jet exit. These particles are composed of molecular hydrogen H 2 and atom hydrogen H, as are the other neutral species labeled X. During the unsteady emission process of the particles, the chemical reactions occur simultaneously. Here the recombination and dissociation reactions of the hydrogen are considered, and the chemical reaction equations are as follows:
The number density of the particles from the jet exit is variable, and it is a function of the time as follows: The molar proportions of H 2 , H, and X are 0.3:0.3:0.4, the temperature of the particles is 3000 K and the velocity of the particles is 50 000 m/s. The bottom of the larger cylinder is open to the vacuum, and the wall temperature for each cylinder is 300 K. The variable hard sphere (VHS) model [9] is used for the binary molecular collisions, and the properties for the VHS molecular model are shown in Table I .
B. Results and Discussion
In the numerical simulation, 18 799 nodes and 91 962 tetrahedral volume elements are used as shown in Figs. 8. The time step is about 4 × 10 −10 s, and the computations were stopped after about 20 000 iterations. Fig. 9 shows the total particle number density contour in the symmetrical plane without (top) and with (bottom) the chemical reactions, and this shows that the distribution of the total particle number density varies with time, basically the procedures of the evolution are the same, no matter whether the chemical reactions are considered or not. The particles flow from the jet exit in the bottom side wall of the smaller cylinder, then collide with the top side wall and keep moving. When the collisions with the wall occur, the diffusion reflections make the reflected particles disperse isotropically. However, some reflected particles collide with the incident particles, and the number density of the incident particles are large and hinder the movement of these reflected particles. It can be clearly seen from Fig. 9 that the main jet stream density is high, and the angle between the incident particle stream and the reflected particle stream can be easily observed. The particles located in the left hand region continue to collide with the bottom and the side walls of the smaller cylinder, and then move to fill in the entire region of the smaller cylinder. For the particles located on the right hand region, some of them collide with the side wall of the smaller cylinder, whilst the others move directly into the larger cylinder. Some of these particles that are moving into the larger cylinder collide with the bottom side wall of the cylinder, thus in the region near the larger cylinder, the particles first move near to the bottom side wall, then move toward the top side wall. After the jet stops injecting the particles, the distribution of the particles in the flow field begins to become homogeneous. Fig. 9 shows a comparison of the results obtained both with and without the chemical reaction models, and the particle expansion process becomes faster when the chemical reactions are considered. When the flow period is 2 μs, the particles have already moved to the top region of the larger cylinder. As the flow develops, the particle number density in this region is larger than that without the chemical reactions. At the time 6 μs, most of the particles have spread into the central region of the large cylinder, thus when considering the chemical reactions, the distribution of the particles has become almost constant. However, after the particles stop being injected, the opposite phenomenon can be observed. This is as shown at the time 8 μs, where the particle number density in the central region of the larger cylinder is significantly less than that in the region near the wall. The dissociation reaction is mainly attributed to this phenomenon. In the flow field, the combination reaction for atomic hydrogen H is almost negligible and this is because under the conditions of the temperature and the number density of each type of particle, the dissociation reaction rate is much larger than the recombination reaction rate. Therefore, when the particles are transported into the flow field, the number of molecular hydrogen H 2 decreases whilst the atomic hydrogen H increases. This affects the number density distribution for each type of particle. Fig. 10 shows the location of the molecular hydrogen H 2 where the dissociation reactions occur and the number density distribution of the atomic hydrogen H along the line with X = 0.005 m in the symmetrical plane. Clearly, there are a large number of reactions for molecular hydrogen in the smaller cylinder. The relationship between the particle number density and the dissociation reaction can be observed to be such that the number density is high, as is the probability of the dissociation reaction. Due to the decomposition of H 2 , the number density of the atomic hydrogen H is increased, and it is also different from that without the reactions.
Figs. 11 and 12 are, respectively, the molecular hydrogen H 2 and atomic hydrogen H number density contour in the symmetric plane without (top) and with (bottom) chemical reactions. As can be seen from Fig. 11 , a majority of the molecules H 2 decompose in the smaller cylinder, and thus the number density of the molecules H 2 moving into the larger cylinder decreases. When the particle injection is stopped, the distribution of the molecules H 2 quickly becomes almost constant, even when the chemical reactions are not considered. As for the flow field with the chemical reactions, due to the decrease in the number of the molecules H 2 , it is difficult for the molecules H 2 to become uniform in a short period of time, and the number density near the wall is much larger than that in the central region as shown in Fig. 11 (t = 6 -8μs).
As shown in Fig. 12 , the atoms H pile up on the top side of the larger cylinder at the time 2 μs. After that, the atoms H expand quickly into the whole field. Thus, due to the increase in the number of the atoms H from the chemical reactions, the expansion rates of H to make the flow uniform in the flow field are larger than those without reactions. Meanwhile, there are many atoms H accumulated near the wall of the small cylinder and this is because most of the H 2 dissociation reactions occur in this region. The number density of the neutral particle X is not shown here because it does not take part in the chemical reactions and it has no impact on the distribution of the other particles no matter whether or not the chemical reactions are considered. As shown in the distribution of these three types of particles, the particle number density varies with the chemical reactions considered or not. Under the chemical reaction conditions, the transportation of the total number of particles is faster because the amount of H increases and the weight of the atom H is small, and therefore it is easier to change the trend in their movement. After the particles stop being injected, the particle expansion decreases and this is because of the reduction in the number of H 2 . It can be observed that the particle number density near the wall is larger than that in the central region near the axis, and the distribution of the overall particles is not homogeneous in the whole flow field.
IV. NUMERICAL SIMULATION OF THE AXISYMMETRIC PLASMA FLOWS WITH THE CHEMICAL REACTIONS BASED ON THE DSMC/PIC METHOD A. Simulation Methods
For the DSMC and PIC methods, the requirements of the grid spatial scales are different. The DSMC method requires the grid spatial scale to be the magnitude of the molecular mean free path, while the PIC method requires it to be the magnitude of the Debye length. Therefore, there are two sets of grids in the numerical simulation, namely, the unstructured grids for the DSMC method and the structured grids for the PIC method. Thus, the information between these two grids needs to be transmitted. The particles are moving and colliding in the unstructured grids, and therefore the information on the particles is stored based on the unstructured grids. However, the PIC method used to simulate the electric field is based on the structured grids, and the information on the particles in the structured grids needs to be known. Meanwhile, as for the movement of the ions, the accelerations of the ions are obtained by solving the distribution of the electric field, and the information of the electric field is stored based on the mesh nodes of the structured grids. Thus, first the force acting on the ions in the electric field should be calculated in the structured grid, and then interpolated into the unstructured grid in order to calculate the movement of the ions. Due to the regularity of the distribution of the structured grids, the mesh information of the particles in the structured grid can be obtained by the coordinates of the particles in the flow field.
As the plasma in the flow field is electrically neutral, therefore the Boltzmann relation for the electric potential field is obtained from the electron momentum equation using the following assumptions: the electrons are isothermal and have constant temperature without any collisions, and the electron pressure obeys the ideal gas law, and the electrons are not magnetized [16] , [17] . Thus, the Boltzmann relation can be given by [16] = r + T e ln n e n r (4) where r is the reference electric potential and n r is the reference electron number density. In addition, T e is the electron temperature in eV, and n e is the electron number density. In the simulations, the inlet is selected as the reference point, and the electron number density in each grid node is set to the ion number density based on the assumption of a quasineutral plasma. The electric potential of the reference point at the inlet is set to 0 V, so the values of the electric potential solved by the Boltzmann relation are negative. Since both the electric potential and the electron number density in (4) are based on the mesh nodes, the area weighting method [18] , [19] needs to be used so that the electric charges of the ions can be distributed to the mesh nodes. The VHS model [9] is used for the collisions between neutral particles. There are two types of collisions between neutral particles and charged particles, one is the momentum exchange collision (MEX), and the other is the charge exchange collision (CEX) [20] . Currently, the study of these two types of collisions are focused on the species Xe, Xe + , and Xe 2+ in the Hall thrusters [17] . The data for the collisions of H 2 , H, H + 2 , and H + in the literature are very rare, and thus, the collisions are simplified here. The MEX between the neutral particles and the charge particles is considered to be the VHS model as for the neutral particles, and the CEX is not considered here. Also, there are many complicated chemical reactions in this flow field, such as the dissociation-recombination reactions and the ionizationneutralization reactions. In this simulation, the flow field is assumed to be weakly electric neutral, and the electrons are not individually simulated, they are represented by the simulated particles of the ions, so only the dissociation-recombination reactions for the neutral particles are considered. Fig. 13 shows the geometry of the computational domain with length 0.02 m and radius 0.01 m. The particles enter into the field from the inlet with the diameter 100 μm, as shown by the red line. The black lines represent the wall, the green lines indicate the free flow boundary, and the brown lines are the symmetrical plane. The temperature of the wall is 300 K, and the diffusion reflection model is used for the gas-surface interactions. The charged particles which reach the wall will immediately be changed to be neutral particles. While ensuring that the plasma flow field is electrically neutral, it is assumed at the same time when the electrons reach the wall that they disappear, so the potential of the wall is considered to be zero. For the symmetric plane, the specular reflection model is used, and the radial electric potential is zero. The particles are composed of H 2 , H, H + 2 , and H + , and the speed of the neutral particles and charged particles are not the same. At the inlet, the temperature of the electrons is 5 eV, the temperature of the neutral particles is 3000 K, and the velocity is 5000 m/s. The detailed inlet conditions are shown in Table II .
B. Simulation Conditions
Since the scales of the grids suitable for the DSMC and PIC methods are different, there are two sets of grids. One based on unstructured grids for the DSMC method, the other one based on the structured grids for the PIC method as shown in Fig. 13 . For both of these methods, local mesh refinements are used. In the simulation, 9218 nodes and 47 395 tetrahedral volume elements are used for the DSMC method, and 3000 hexahedral volume elements are used for the PIC method. The time step is about 4 × 10 −10 s, and the solutions were averaged over 50 000 iterations.
C. Results and Discussion
Figs. 14 and 15 are the number density of the particles with and without the PIC modules. The top ones are the distribution of the particle number density without the PIC model, and the bottom ones with the PIC model. Fig. 16 and 17 show the number density along the axis, and it is observed that the particle number density decreases exponentially along the axis as well as in the radial directions. This decrease in the number density is the typical characteristics of the plume in a vacuum. The particles become very dilute after a certain distance away from the inlet, and therefore the physical parameters near the inlet are investigated here. On the whole, the particle number density decreases in all directions away from the inlet. Since the main flow direction is along the axis, the change in the number density along the axis is less than that along the other directions, and the gradient of the changes in the number density increases with the increase in the flow angle with the axis.
Without considering the electric potential field, the neutral particles disperse more widely when the inlet velocity of the charged particles increases. Even at the same location in the flow field, the inlet velocity of the charged particles is larger, and the neutral particle number density is smaller. This is because the charged particles move so quickly, and when the charged particles collide with the neutral particles, then part of the energy transfers to the neutral particles, thus the speed of the neutral particles can be increased. As the speed of the charged particles becomes higher, then clearly the speed of the neutral particles increases and the expansion range also increases. In contrast, due to the increase in the ion number when the inlet velocity increases, the inlet velocity of the charged particles increases, and as well as the particle number density.
Considering the electric potential field, as shown in Figs. 14-17 with the PIC model, when the inlet ion velocity increases, the number density of the neutral particles decreases and the number density of the charged particles increases. The distribution of the neutral particles follows the same behavior as that the number density gradient in the axial direction is smaller than that in other directions, whether or not the electric field is considered. However, for charged particles, the behavior is different. When the PIC module is calculated, i.e., the electric potential field is considered, the discrepancy in the gradients along each direction becomes smaller. Meanwhile, the number density with the PIC module is generally lower than that without considering the PIC module. This is because the self-consistent electric field will be generated during the process of the movement of the charged particles, which will cause the acceleration of the charged particles, so the speed of the charged particles is clearly increased. After the speed of the charged particles accelerate significantly in the electric field, the distribution range of the charged particles becomes large, which will cause the number density of the particles to be lower than that without the electric field. Although the electric potential field does not directly affect the neutral particles, the acceleration of the charged particles will transfer to the neutral particles through the collisions between the charged and neutral particles. Therefore, the velocity of the neutral particles will increase and the distribution range is large. As for the charged particles, the number density of the neutral particles with the PIC module is lower than that without the PIC module, and the decrease in the number density of the charged particles is greater than that of the neutral particles. Fig. 18 shows the distribution of the electric potential with the three different values of the ions velocity at the inlet. The potential distribution is related to the ion number density distribution, and the electric potential will be high where the number density is high. Since in all these cases the inlet is considered to be the zero potential reference plane and the ion number density in the flow field is generally less than that in the inlet, the electric potential in the flow field is negative. Comparatively, it can be observed that the potential distribution is similar to the ion number density distribution. In addition, the ions pile up near the inlet, so there is a large gradient in the electric potential near the inlet, and the potential changes away from the inlet are relatively not significant. The distribution of the electric field can be obtained by analyzing the potential distribution. As can be seen in Fig. 18 , the potential starts to decrease in all the directions away from the inlet. Thus, the electric field is radially distributed from the inlet in the flow field, and the electric field intensity decreases as the distance increases. Increasing the initial velocity of the ions from the inlet produces an increase in the ion number density, and this results in a simultaneous increase in the electric potential. This is because the electric potential is related to the electron number density according to the Boltzmann relation under the conditions of the same reference parameter for the potential and the electron number density.
V. CONCLUSION In the current study, the 3-D unsteady neutral particles chemically reactive rarefied flow has been investigated numerically using the in-house DSMC code which is compared with a case from the open literature in order to verify its accuracy. Under the simulation conditions, although the combination and dissociation reactions are considered in the flow field, most of the reactions are the dissociation reaction of the molecular hydrogen H 2 . Due to this kind of reaction, the number density of the atomic hydrogen H increases while that of the molecular hydrogen H 2 decreases. The neutral particles chemical reactions will not only significantly affect the number density of each species but also the trajectory of the particles. Based on the DSMC/PIC method, the axisymmetric plasma flows with chemical reactions have been investigated. The distribution of the neutral particles and the charged particles, and the electric potential distribution are analyzed under different initial conditions. The parameter distributions in the flow field are basically similar if only the initial velocity of the ions from the inlet are changed. The electric potential distribution is positively relevant to the ion number density and the initial velocity of the ions. The properties of the neutral particles obtained in this investigation can be of much assistance in the investigation of the unsteady rarefied plasma arc jet flow with chemical reactions.
